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INTRODUCTION 


In  previous  work,  our  research  group  introduced  [1]  and  characterized 
[2]  a  new  detection  method  for  high-performance  ion  chromatography  (HPIC) 
called  replacement- ion  chromatography  (RIC) .  The  method  employs  equipment 
and  columns  similar  to  those  in  suppressed- ion  chromatography  [3-5]  but  uses 
also  a  third  column  to  replace  eluting  solute  ions  (or  their  co-ions)  with 
another  ionic  species  (the  replacement  ion) .  The  replacement  ion  is  then 
monitored  by  an  appropriate  detector. 

Importantly,  RIC  offers  versatility  because  it  can  employ  vertually 
any  detector  that  is  compatible  with  a  liquid  chromatograph  and  sensitive 
to  a  suitable  replacement  ion.  Our  previous  investigations  have  explored 
f lame - spectrometr ic  [1,2]  and  UV- spectrophotometr ic  [6]  detection. 

However,  it  has  been  difficult  to  attain  low  detection  limits  with 
certain  eluents  by  flame -emission  detection  because  these  eluents 
produce  a  high  background  replacement  ion  concentration  in  the  column 
effluent  [1,2] . 

In  an  effort  to  improve  detection  limits,  another  sensitive 
spectroscopic  source,  the  microwave- induced  nitrogen  discharge  at 
atmospheric  pressure  (MINDAP)  [7-9],  was  coupled  to  a  Li+-based  RIC 
system.  This  source  provided  RIC  detection  limits  of  30-300  ng  for 
several  common  anions  and  100-500  ng  for  alkali-metal  cations.  Although 
these  values  are  not  superior  to  those  observed  with  a  simple  flame 
source  [2]  and  are  far  poorer  than  the  MINDAP  can  deliver  by  itself 
[7-9],  our  results  are  reported  here  to  illustrate  and  explain  the 
importance  of  multiplicative  noise  in  an  RIC  system.  In  addition, 
guidelines  are  provided  that  will  help  future  investigators  choose 
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detectors  for  RIC  based  on  fundamental  principles  rather  than  empirical 
testing.  Calibration  equations  for  several  ions  are  also  presented. 

EXPERIMENTAL 

A  schematic  diagram  of  the  detection  system  used  in  this  study  appears 
in  Figure  1 . 

Chromatographic  Equipment 

The  liquid  chromatograph  included  a  minipump®  (model  396,  Milton 
Roy  Co.,  Riviera  Beach,  FL)  equipped  with  pulse  dampener  and  injection 
valve  (model  7010,  Rheodyne ,  Cotati,  CA) .  The  injection  valve  was 
equipped  with  a  20-^1  sample  loop.  The  commercial  columns  used  in  this 
study  were  all  Dionex  products.  Columns  used  for  anion  separations 
included  an  anion  guard  column  (model  30986),  separator  column  (model 
30985),  and  suppressor  column  (model  30828).  Columns  used  for  cation 
separations  included  a  cation  guard  column  (model  35370) ,  separator 
column  (model  35371),  and  suppressor  column  (model  30834).  The  lithium 
replacement  column  consisted  of  a  Nafion®  cation-exchange  fiber  housed 
in  a  reservoir,  which  accommodated  the  continuously  flowing  salt 
solution  (regenerant)  used  to  maintain  the  fiber  in  the  desired  ionic 
form.  The  fiber  is  approximately  1.5  m  in  length,  packed  with  inert 
glass  beads,  and  sold  commercially  by  Dionex  (model  35350)  for  use  as  a 
fiber-eluent  suppressor  (Dionex  Product  Document,  No.  800-032157).  This 
column  can  be  adapted  easily  for  use  as  a  cation- replacement  column  [2). 

All  columns  were  connected  by  1.6-mm  o.d.  x  0.3-mm  i.d.  Teflon  tubing 
with  Omnifit  (Atlantic  Beach,  NY)  polypropylene  tube-end  bushings  and 


grippers . 
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Replacement  Column-Plasma  Interface 

A  60-mm  long  x  1.6-mm  o.d.  x  0.3-mm  i.d.  Teflon  tube  was  connected 
to  the  outlet  of  the  replacement  column  with  an  Omnifit  bushing  and 
gripper.  The  open  end  of  the  Teflon  tube  was  inserted  into  the  glass 
sample  tube  (inner  tube)  of  a  concentric  glass  nebulizer  (laboratory 
built)  until  the  end  of  the  plastic  tube  fit  snugly  into  the  tapered 
conical  tip  of  the  sample  tube.  The  replacement-column  outlet  and  the 
nebulizer  were  held  firmly  in  place  with  clamps.  The  approximate  void 
volume  between  the  end  of  the  plastic  tube  and  the  tip  (outlet)  of  the 
nebulizer  was  75  /xl . 

Column  effluent  was  nebulized  into  the  plasma  through  a  conventional 
pneumatic  nebul izer -  spray  chamber  arrangement;  the  nebulizer  was 
operated  at  a  nitrogen  flow  rate  of  2.3  L/min,  and  the  aerosol  was  then 
passed  through  a  double-pass  spray  chamber  (laboratory  constructed). 

The  plasma  will  accept  and  decompose  wet  aerosols,  but  background 
and  noise  levels  are  lower  when  aerosols  are  desolvated  [8],  Consequently, 
the  aerosol  leaving  the  spray  chamber  was  directed  through  a  desolvation 
system  that  included  a  heated  glass  tube  to  dry  the  aerosol  and  a 
condenser  to  remove  most  of  the  water  vapor  [10].  The  glass  tube 
(approximately  20-mm  o.d.  x  150-mm  long)  was  wrapped  with  0.5-in.  (13- 
mm)  heating  tape  to  maintain  the  tube  at  approximat'  iy  140  °C.  The 
voltage  supplied  to  the  heating  tape  was  controlled  by  an  autotransforiner . 
The  condenser  (model  9270,  Ace  Glass  Inc.,  Vineland,  NJ)  was  maintained  at 
approximately  5  "C  by  a  refrigerated  recirculating  water  bath  (Multi¬ 
cool®,  FTS  Systems,  Inc.,  Stone  Ridge,  NY). 
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The  volume  of  the  desolvation  system,  including  heated  glass  tube 
and  condenser,  did  not  appear  to  distort  the  chromatographic  peak  shape 
Generally,  peak  broadening  and  peak  shape  are  less  affected  by  transfer 
volumes  following  the  nebulizer  (after  the  effluent  is  converted  to  an 
aerosol)  than  by  transfer  volumes  preceding  the  nebulizer  [11]. 

Microwave -Plasma  Emission  Spectrometer 

The  plasma  was  sustained  in  a  4-mm  i.d.  torch  (laboratory  built) 
consisting  of  two  concentric  quartz  tubes  and  held  within  a  modified 
TMqio  cavity.  Microwave  power  was  supplied  through  a  double -stub  tuner 
(model  DS109,  Weinschel  Eng.,  Gaithersburg,  MD) .  These  components  and 
other  details  concerning  ignition  and  tuning  of  the  plasma  have  been 
described  previously  [8],  The  2.3  L/min  of  nitrogen  exiting  the 
condenser  and  containing  dry  analyte  aerosol  was  introduced  into  the 
tangential  inlet  (outer  tube)  of  the  torch.  The  nitrogen  flow  rate 
through  the  axial  inlet  (central  tube)  of  the  torch  was  0.4  L/min.  In 
the  present  study,  the  plasma  was  operated  at  an  applied  power  of  210  W 
at  2450  MHz  (Model  420,  variable  500  W  power  supply,  Micro-Now 
Instrument  Co.,  Chicago,  IL) .  The  reflected  power  was  approximately 
18  W  during  all  experiments. 

The  plasma  was  viewed  radially  (side-on  configuration);  a  2:1 
magnified  image  of  the  plasma  tail  flame  was  focused  with  a  spherical 
mirror  (MgF2  overcoat,  108-mm  focal  length  and  108-mm  diameter,  Oriel 
Corp.,  Stamford,  CT)  onto  the  entrance  slit  (50  ^m)  of  a  monochromator 
(model  EU-700,  0.35-m  f.l.,  Heath  Co.,  Benton  Harbor,  MI).  The  viewing 
height  was  approximately  5  mm  above  the  cavity.  The  monochromator  was 
set  at  the  lithium  (I)  670.78  nm  emission  line.  A  digital  photometer 
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RESULTS  AND  DISCUSSION 


Anion  Determinations 

Equimolar  solution  mixtures  of  F" ,  Cl*,  and  Br'  between  1.0  and 
25.0  mM  were  injected  and  separated  with  the  standard  eluent.  Each 
solution  was  injected  three  or  four  times  (nonconsecutively) .  The 
anions,  which  elute  from  the  suppressor  column  associated  with  an  H+ 
cation,  are  converted  to  their  lithium  salts  in  the  replacement  column 
and  subsequently  detected  by  the  plasma.  A  representative  chromatogram 
illustrating  the  detection  of  a  5.0-mM,  three -component  sample  appears 
in  Figure  2. 

Reproducibility.  At  levels  well  above  the  detection  limit, 
precision  was  generally  independent  of  the  injected  concentration  and 
appeared  to  be  limited  by  short-  and  long-term  drift  of  the  plasma 
source.  Much  of  this  instability  appeared  to  be  caused  by  drift  in  the 
applied  and  reflected  microwave  power.  Peak-height  relative  standard 
deviations  (RSDs)  for  F" ,  Cl",  and  Br’  were  typically  5.0  -  8.0%  (3-4 
injections).  Peak-area  RSDs  were  typically  8.0  -  13%,  appreciably 
larger  than  those  observed  previously  in  RIC  with  a  flame-emission 
detector  [2] . 

Sensitivity .  Peak-height  and  peak-area  calibration  curves  were 
generated  to  assess  linearity  and  relative  sensitivity  (slope)  over  the 
explored  concentration  range  (1.0  -  25  mM) .  These  results  are 
summarized  in  Table  1. 

Conceptually,  all  ions  should  produce  an  equivalent  integrated  RIC 
response  because  only  the  replacement  ion,  Li+ ,  is  detected.  However, 
the  slopes  reported  in  Table  1  for  F"  and  Br  are  lower  than  that  of  Cl 
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The  detection  limits  of  F" ,  Cl',  and  Br"  were  defined  as  the 
injected  concentration  that  would  provide  a  signal- to-noise  ratio  (S/N) 
of  2.  Here  signal  refers  to  the  net  signal  of  each  eluting  component 
(peak)  in  the  chromatogram  and  noise  refers  to  the  root-mean-square  value 
of  the  baseline  fluctuation  (approximately  equivalent  to  one  fifth  the 
peak-to-peak  fluctuation  of  the  baseline). 


by  20%  and  14%,  respectively.  At  high  concentrations,  the  peak  areas  of 
Br'  are  consistently  lower  than  those  of  Cl"  by  an  average  of  18%,  which 
suggests  a  systematic  loss  of  Br".  Previous  studies  [2]  indicate  that 
the  highly  retained  bromide  ion  is  partially  adsorbed  by  the  separator 
column . 

In  contrast,  the  disparity  between  F"  and  Cl"  peak  areas  increases 
gradually  with  concentration.  This  trend  is  shown  in  Table  2,  which 
lists  the  mean  peak  areas  of  the  two  anions  and  their  ratio  at  each 
injected  concentration.  The  lower  response  to  F’  relative  to  Cl"  has 
been  attributed  to  the  partially  nonionic  character  of  the  fluoride 
conjugate  acid,  HF  [2].  Anions  that  form  weak  acids  in  the  suppressor 
column  are  not  completely  excluded  from  the  suppressor- column  resin  or 
the  fiber  ionomer.  Accordingly,  weak  acids  experience  additional  band 
broadening  in  these  columns  and  can  produce  a  low,  nonstoichiometric 
response  via  several  possible  mechanisms  [2], 


Detection  Limits .  Detection  limits  (ng  ml"  and  ng)  for  F" ,  Cl", 


and  Br"  are  presented  in  Table  3.  When  presented  in  units  of  absolute 
mass,  these  detection  limits  are  about  a  factor  of  1.3  greater  (worse) 
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than  those  obtained  with  the  flame -emission  source  under  similar 
chromatographic  conditions.  This  difference  is  probably  not  significant, 
based  on  the  inherent  uncertainty  in  detection  limits. 

Cation  Determinations 

Equimolar  solution  mixtures  of  Li+ ,  Na+ ,  and  K+  between  0.5  mM  and 


25.0  mM  were  injected  sequentially  from  low  to  high  concentration;  the 
sequence  was  then  repeated.  The  cations,  which  elute  from  the  suppressor 
column  as  their  hydroxide  salts,  are  all  converted  to  lithium  hydroxide 


in  the  replacement  column  and  subsequently  detected  with  the  plasma.  A 
representative  chromatogram  illustrating  the  detection  of  a  5.0  mM 
multielement  sample  appears  in  Figure  3. 


Although  good  signal  to  baseline  noise  is  observed  at  higher 


concentrations  of  cations  (cf.  Figure  3),  peak  height  decreases 


disproportionately  with  concentration  below  2.5  mM.  In  fact,  RIC 


signals  disappear  into  the  baseline  at  injected  concentrations  of  1.0  mM 


or  less.  Peaks  are  also  unusually  asymmetric  and  exhibit  considerable 


tailing.  Similar  results  were  observed  with  the  flame-emission  detector 


and  have  been  attributed  to  physicochemical  interactions  between  the 


cation  hydroxide  solutes  and  the  cation-exchange  material  of  the 


replacement  column  [2], 


Reproducibility.  Peak  areas  and  peak  heights  were  unusually 


irreproducible  for  cations,  particularly  at  concentrations  barely  above 


1.0  mM.  Occasionally,  peak  heights  decreased  or  increased  by  more  than 


50%  between  replicate  injections.  Precision  improved  as  the  injected 


concentration  increased.  For  example,  the  relative  mean  deviations  of 


peak  heights  varied  from  23  to  57%  at  injected  concentrations  between 


2.5  mM  and  4.0  mM,  from  12  to  24%  at  concentrations  between  4.0  mM  and 


15.0  mM,  and  from  1  to  8%  at  concentrations  between  15.0  mM  and  25.0  mM. 


Sensitivity .  Peak-height  calibration  curves  for  Li+,  Na+,  and  K+ 


exhibited  negative  curvature  above  sample  concentrations  of  10.0-15.0  mM 


whereas  peak-area  working  curves  were  reasonably  linear  over  the  entire 


observed  concentration  range  (2.5-25  mM) .  The  peak-area  and  peak-height 


calibration  equations  appear  in  Table  4. 


Interestingly,  the  intercepts  of  all  working  curves  in  Table  4  are 


large  and  negative  and  appear  to  reflect  the  signal  loss  that  was 
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observed  at  sample  concentrations  below  1.0  mM.  In  fact,  all  the 
equations  intersect  the  concentration  axis  at  approximately  1.0  mM.  The 
slopes  of  the  peak-area  working  curves  (Table  4)  are  similar  and 
indicate  that  the  integrated  detector  response  is  nearly  equivalent 
(universal)  for  the  three  cations. 

Detection  Limits .  Detection  limits  for  (/rg  ml''*'  and  ng)  for  Li+, 
Na+,  and  K+  are  reported  in  Table  3.  Each  value  in  Table  3  was 
determined  from  the  respective  peak-height  calibration  equation  (Table 
4)  and  corresponds  to  the  concentration  at  a  peak-height  of  zero.  This 
unusually  defined  limit  of  detection  is  approximately  1.0  mM  and  is 
caused  by  the  chemical  interaction  discussed  above . 

Importance  of  Multiplicative  Noise 

Most  of  the  observations  described  above  can  be  understood  by 
recognizing  the  importance  of  multiplicative  detector  noise  in  an  RIC 
system.  To  demonstrate  the  significance  of  multiplicative  noise,  the 
detection  limit  of  lithium  was  evaluated  in  the  presence  of  only  plasma 
background  (without  the  lithium  background  encountered  in  RIC).  A  flow- 
injection  procedure  was  employed  in  which  six  20-/j1  aliquots  of  a  10  ppb 
Li  (1.4  x  10  M)  solution  were  injected  into  a  prepared  column 
(containing  an  anion- exchange  resin)  and  eluted  with  distilled  water 
(2.0  ml/min) .  Lithium  injected  in  this  manner  is  not  retained  but 
rapidly  passes  through  the  system.  The  average  signal - to -base  1 ine  noise 
ratio  (S/N)  for  these  injections  was  12;  the  extrapolated  detection 
limit  (S/N  =  2)  is  therefore  1.7  ppb  or  2.4  x  10'7  M,  three  orders  of 
magnitude  better  than  the  values  reported  in  Table  3.  Of  course,  this 
disparity  is  caused  in  part  by  the  increased  chromatographic  dilution 


experienced  by  the  separated  components  in  RIC.  However,  the  unusually 
large  RIC  detection  limits  are  caused  principally  by  instability  in  the 
large  background  Li+  signal  produced  by  the  standard  eluent  [2]. 

This  signal  instability  can  be  more  clearly  understood  by 
considering  the  dominant  noise  sources  inherent  in  the  plasma-based- 
detection  system.  At  high  analyte  concentrations,  the  fluctuation 
(noise)  in  the  signal  is  dominated  by  analyte  flicker  at  frequencies 
below  1  Hz  [12].  This  flicker  noise  can  arise  from  a  variety  of  sources 
in  the  system,  including  plasma  waver,  nebulizer  variation,  and 
generator  instability  and  has  been  characterized  earlier  [12],  The 
microwave  power  supply  appears  to  be  a  significant  noise  source,  and 
fluctuations  in  emission  signals  have  been  correlated  with  those  in  the 
applied  power  [12],  For  example,  at  an  applied  power  setting  of  210  W, 
the  applied-power  meter  of  the  generator  fluctuates  +  3  W.  This  power 
instability  contributes,  in  part,  to  the  fluctuation  of  the  background 
lithium  signal  in  RIC. 

Unfortunately,  this  fluctuation  is  a  form  of  multiplicative  noise 
and  therefore  difficult  to  remove;  it  is  1/f  in  character  and  is 
proportional  to  the  signal  amplitude  [12,  13],  As  a  result,  the  varying 
amplitude  of  the  background  Li+  signal  in  RIC  cannot  be  reduced  by 
increasing  the  time  constant  of  the  detection  system.  In  fact,  in  the 
plasma  source,  noise  is  minimal  at  time  constants  between  one  and  five 
seconds  [12].  Moreover,  because  analyte  -  flicker  noise  increases  in 
proportion  to  the  signal,  RIC  detection  limits  are  strongly  dependent 
upon  the  background  I.i+  concentration.  In  a  flicker-noise - 1 imited 


emission  measurement,  equation  1  applies  [16], 
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S/N  a  is/klb  (1) 

Here,  ig  -  signal  current,  ib  -  average  background  current,  and  k  -  the 
flicker  factor  (a  measure  of  the  amount  of  multiplicative  noise  inherent 
in  the  background  signal).  In  the  RIC  experiment,  ib  is  the 
photocurrent  produced  by  background  Li+  and  ig  is  the  net  signal 
produced  by  an  eluting  peak  (ipeak  -  ib  -  ig).  Equation  1  predicts  an 
inverse  relationship  between  S/N  and  background  level  and  explains  why 
the  anion  detection  limits  in  Table  3  are  much  higher  than  the  lithium 
detection  limit  obtained  in  the  presence  of  only  plasma -background 
emission  (~  2ppb) . 

The  background  signal  (from  background  lithium  ions)  produced  by 
the  nitric  acid  eluent  (cation  eluent)  is  about  an  order  of  magnitude 
lower  than  that  produced  by  the  standard  carbonate  eluent  (anion 
eluent)  [2],  Consequently,  the  baseline -noise  amplitude  in  cation 
chromatograms  is  proportionally  lower  (cf .  Figures  2  and  3) .  This 
behavior  confirms  our  conclusion  that  detection  limits  in  these  RIC 
experiments  are  limited  by  multiplicative  analyte  -  flicker  noise  in  the 
plasma  source.  Unfortunately,  the  detection  limits  for  cations  do  not 
improve  by  an  order  of  magnitude  as  predicted  by  equation  1,  because  of 
the  previously  discussed  chemical  interactions  that  occur  in  cation 
determinations . 

Other  RIC  Detectors 

Unfortunately,  the  detection  limits  obtained  for  anions  with  the  MINDAP 
(Table  3)  or  with  flame  detectors  (1,  2]  are  about  an  order  of  magnitude  largei 


than  those  reported  for  the  conductivity  detector  [4,  5],  Although 


superior  detection  limits  have  not  been  obtained  with  our  Li+-based  • 

( 

arrangement,  an  alternative  scheme  employing  a  different  replacement 

t 

cation  or  detector  might  provide  better  results.  The  creation  of  an  j 

( 

alternative  and  successful  RIC  detection  system  requires  the  choice  and 

I 

I 

effective  integration  of  three  fundamental  components:  the  replacement 

column,  replacement  ion,  and  detector.  The  important  considerations  ! 

I 

below  will  help  guide  future  investigators  in  the  design  of  alternative 
RIC  systems. 

Replacement  Column.  Ideally,  the  replacement  column  should  operate 
continuously,  efficiently,  reproducibly ,  and  introduce  minimal  dead 
volume.  We  have  shown  that  fiber-based- replacement  columns  adequately 
fulfill  these  requirements  [2,  6], 

Replacement  Ion.  The  replacement  ion  should  have  a  low  affinity 
for  the  charged  sites  of  the  replacement  column  compared  to  that  of  the 
solute  ion  which  is  replaced  [2,  6).  A  monovalent  replacement  ion  is 
most  desirable  to  maximize  detector  signal. 

Detector .  The  detector  must  respond  selectively  and  sensitively  to 
the  replacement  ion,  so  universal  calibration  and  low  detection  limits 
are  realized.  As  the  present  study  demonstrates,  a  sensitive  detector 
will  not  guarantee  low  RIC  detection  limits  if  a  large  background- 
replacement  -  ion  concentration  exists  and  if  the  detector  is  plagued  by 
multiplicative  noise.  Accordingly,  it  is  optimal  not  to  identify  the 
most  sensitive  detector  but  rather  the  one  that  has  good  sensitivity  and 
the  lowest  flicker  factor  (equation  1).  Unfortunately,  it  is  difficult 
to  predict  the  sensitivity  of  some  detection  systems  under  RIC 
conditions  without  empirical  testing,  because  flicker  factors  might  not 
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be  defined  for  a  given  instrument  or  set  of  operating  conditions. 
Moreover,  the  detection  limits  of  most  systems  will  often  depend  upon 
how  well  the  detection  system  can  be  stabilized.  For  example,  both 
short-term  (high  frequency)  and  long-term  (drift)  fluctuation  of  the 
plasma  signal  might  be  reduced  by  further  stabilization  or  filtering  of 
the  microwave  power  supply. 

For  some  detectors,  RIC  detection  limits  can  be  estimated  from 
precision  measurements  obtained  at  analyte  concentrations  that  are 
similar  in  magnitude  to  typical  RIC  background  levels.  One  first 
applies  equation  2  [15], 


S  1 

N  RSD 


(2) 


where  N  refers  to  the  noise  amplitude  on  the  analyte  signal,  S.  Thus, 
if  the  precision  of  a  detector  is  1%  at  an  analyte  concentration  of  0.4 
mM  (a  typical  background  replacement- ion  concentration  encountered  with 
the  standard  anion  eluent),  the  standard  deviation  of  the  signal  is 
equivalent  to  an  analyte  concentration  of  0.004  mM.  The  detection  limit 
can  then  be  defined  as  three  times  the  standard  deviation  of  the 
background  signal,  which  in  this  case  is  0.012  mM.  Therefore,  a  peak 
concentration  of  12  pM  could  be  distinguished  from  fluctuations  in  the 
baseline  and  represents  a  reasonable  estimate  of  the  detection  limit 
with  this  hypothetical  RIC  system. 
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reflect  the  signal  fluctuetlon  caused  by  system  drift  as  well  as  that 
caused  by  short-term  noise. 

Precision  measurements  can  be  used  also  to  evaluate  the  noise 
characteristics  of  a  potential  RIC  detector.  If  the  detection  system  is 
dominated  by  multiplicative  noise,  both  the  signal  and  the  noise  on  the 
signal  increase  proportionately  with  concentration  [12].  Consequently, 
the  signal-to-noise  (noise  on  the  signal)  ratio  and  therefore  precision 
(RSD)  will  be  independent  of  analyte  concentration  (equation  2). 

It  is  even  easier  to  predict  RIC  detection  limits  for  detectors 
that  have  well  defined  noise  characteristics.  For  example,  the  user 
manuals  of  many  commercial  spectrophotometric  instruments  and  other 
reference  sources  [16]  provide  noise  levels  in  absorbance  units  at 
selected  wavelengths  and  specified  background  levels  for  HPLC  UV-VIS 
absorption  detectors.  In  addition,  the  absolute  signal  (absorbance)  of 
such  a  detector  can  be  easily  related  to  the  concentration  of  an 
absorber  by  using  Beer's  law.  This  information  can  be  used  to  predict 
RIC  detection  limits  for  a  particular  absorber  (replacement  ion)  at 
known  RIC  background  levels  [6]. 
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Table  2: 


Mean  peak  areas  (arbitrary  units)  of  Cl*  and  F"  and  their  ratio  at 
each  injection  concentration. 


Concentration  (mM'l 

Cl* 

Deak  area 

F* 

Deak  area 

F*  to  i 
Deak-area 

1.0 

2.63 

2.68 

1.02 

2.0 

4.63 

4.74 

1.02 

4.0 

9.75 

9.41 

0.97 

5.0 

13.7 

12.6 

0.92 

7.5 

20.3 

18.0 

0.89 

10.0 

26.0 

22.0 

0.85 

25.0 

73.0 

59.3 

0.81 

iV 
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Table  3:  Detection  Limits  with  RIC  Coupled  to  Atomic-Emission  Sources 


Detection 

Limits 

RIC-MINDAP 

RIC-Flame' 

Anions 

b 

U&  ml~^ 

c 

u  E  ml ' 

F" 

1.8 

36 

0.26 

Cl' 

3.1 

62 

0.43 

Br" 

18 

370 

-- 

Cations 

_!b 

ufL  ml 

ns 

Li+ 

5.9 

120 

Na+ 

17 

340 

K+ 

25 

500 

aValues 

obtained  from 

reference  2. 

^Values  obtained  with  a  sample  volume  of  20  /xl . 
cValues  obtained  with  a  sample  volume  of  100  *il . 
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Table  4:  Linear  Least-Squares  Parameters  for  fits  of  Peak-Area  and  Peak- 
Height  Response  (arbitrary  units)  Versus  Concentration  (M)  for 
Several  Cations. 


Cation  Least-Squares 
Slopa 


Peak  Area 


Least- Squares 
Intercept 


Correlation 

Coefficient 


Standard 
Error  of 
Estimate 


Li+ 

3818 

+ 

105 

-5.11 

+ 

1.29 

0.998 

2.04 

Na+ 

3837 

+ 

94 

-3.47 

+ 

1.15 

0.999 

1.81 

K+ 

3519 

+ 

57 

-3.33 

+ 

0.70 

0.999 

1.10 

Peak  Height 

Li+ 

78.1 

+ 

1.8 

-0.065 

± 

0.012 

0.999 

0.011 

Na+ 

64.7 

+ 

1.9 

-0.048 

± 

0.012 

0.999 

0.011 

K+ 

18.3 

+ 

0.4 

-0.012 

± 

0.003 

0.999 

0.002 

FIGURE  CAPTIONS 


Figure  1. 


Figure  2 . 


Figure  3. 


Schematic  diagram  of  the  RIC  detection  system,  including 
separator,  suppressor,  and  replacement  columns  and 
microwave- induced  nitrogen  discharge. 

Chromatogram  demonstrating  the  separation  and  detection  of 
5.0  mM  F"  ,  Cl",  and  Br"  .  Eluent,  2.4  mM  ^2^3  and  3 . 0  mM 
NaHCO^  at  2.0  ml/min.  Injection  volume,  20  fil . 

Chromatogram  demonstrating  the  separation  and  detection  of 
5.0  mM  Li+ ,  Na+,  and  K+.  Eluent,  0.005  N  HN03 
at  2.0  ml/min.  Injection  volume,  20  /il . 
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